Highlights d A novel adenosine receptor ''A2c'' is a chemosensor for olfaction 
INTRODUCTION
Many olfactory cues pervade aquatic environment of fish and elicit various behavioral and endocrine responses that are essential for survival and reproduction. Fishes efficiently use the sense of smell for locating food sources, detecting and escaping from dangerous environment, communicating social information, and memorizing beneficial and detrimental contexts. The fish olfactory system is highly elaborated to receive, discriminate, and perceive various kinds of water-soluble chemicals such as amino acids, bile acids, amines, steroids, prostaglandins, and nucleotides [1] .
Nucleotides are essential for all living organisms as genetic materials, energy source, and intracellular and intercellular signaling molecules. In addition, it has been reported that various fishes and amphibians can sense nucleotides in environmental water as potential feeding stimulants or odorants [2] . For example, electrophysiological and anatomical studies revealed that ATP and other nucleotides induce excitatory responses of olfactory sensory neurons (OSNs) in the olfactory epithelium (OE) and neurons in the posterior olfactory bulb (OB) in channel catfish [3] [4] [5] [6] . A neural activity imaging experiment with voltagesensitive dye showed that nucleotides activate a latero-posterior portion of the OB in zebrafish [7] . A Ca 2+ imaging analysis revealed that ATP activates both OSNs and supporting cells in the OE of Xenopus lavies [8] . However, it is largely unknown which olfactory receptor is activated by nucleotides, how the odor information of nucleotides is transferred to the OB and further to higher olfactory centers, and what behavioral responses fish actually show upon nucleotide stimulation. In the present study, we aim to elucidate the functional olfactory receptor and neural correlates that receive and transmit the information of nucleotides from the periphery to the central brain, evoking behavioral output responses in zebrafish.
RESULTS

ATP Attracts Zebrafish
We first analyzed the composition and quantity of nucleotides and related molecules in the water containing brine shrimp (Artemia), an ordinary food for zebrafish in laboratories, by reversephase high-performance liquid chromatography (HPLC) (Figure 1A) . Among the adenosine-related compounds (adenine, adenosine, AMP, ADP, and ATP), ATP was most abundantly present in the supernatant of brine shrimp-containing water. Therefore, we focused on ATP as a food-derived odor in the following behavioral, physiological, and molecular biological experiments.
We next examined behavioral response of zebrafish to ATP and adenosine in comparison with a well-known attractive odorant, alanine [9] . A single fish was acclimated in a test tank and then each compound at various concentrations was applied to one side of the tank. To quantify the degree of attraction, we calculated the preference index and the mean displacement scores for individual fish [10, 11] . Zebrafish showed robust attractive responses to ATP and adenosine as well as to alanine (Figures 1B-1D and S1; Movie S1). Among those odorants tested, fish displayed more sensitive attraction to ATP and adenosine than alanine by two orders of magnitude ( Figures 1D  and S1C ). The attraction to ATP was completely abolished in anosmic fish in which the OE was surgically removed ( Figure 1E ), demonstrating that this behavior crucially depends on the olfaction. In contrast, the highest concentration of ATP was ineffective in attracting zebrafish ( Figure 1D ), which may be due to the activation of other sensory systems with peripheral ATP receptor (such as the trigeminal system) [12] that evoke aversive response, resulting in a tug-of-war in behavioral outputs.
ATP Activates Pear-Shaped Olfactory Sensory Neurons
Which type of OSNs is activated by ATP? In zebrafish nose, there are two major types (ciliated and microvillous) and two minor types (crypt and Kappe) of OSNs [1, 13] . Zebrafish were exposed to ATP (nucleotide), alanine (amino acid), or taurocholic acid (bile acid), and the activated OSNs were detected with anti-phosphorylated ERK (pERK) antibody [14] . As previously reported [5, 15, 16] , alanine and taurocholic acid activated microvillous , and alanine (bottom) quantified as preference index (left) and mean displacement (right) (n = 9-11). Wilcoxon signed-rank test (preference index: ATP 1 mM, n = 11, p = 0.0098; ATP 10 mM, n = 11, p = 0.0098; adenosine 1 mM, n = 11, p = 0.001; adenosine 10 mM, n = 11, p = 0.001; adenosine 100 mM, n = 11, p = 0.001; alanine 100 mM, n = 9, p = 0.0039; mean displacement: ATP 1 mM, n = 11, p = 0.0049; ATP 10 mM, n = 11, p = 0.0098; adenosine 1 mM, n = 11, p = 0.001; adenosine 10 mM, n = 11, p = 0.001; adenosine 100 mM, n = 11, p = 0.001; alanine 100 mM, n = 9, p = 0.0078). **p < 0.01. (E) Anosmic fish show no attraction to ATP. Preference index (left) and mean displacement (right) are shown for sham-operated (n = 12) and OE-removed fish (n = 11). Wilcoxon signed-rank test for significant deviation from 0 (preference index, sham, p = 0.0068; mean displacement, sham, p = 0.0049; **p < 0.01). Wilcoxon rank sum test for comparison between sham-operated and OE-removed fish (preference index, p = 0.027; mean displacement, p = 0.013; # p < 0.05).
Boxplots show median, quartiles (boxes), and range (whiskers). See also Figure S1 and Movie S1.
and ciliated OSNs that bear short and long dendrites, respectively ( Figure 2A ). In contrast, ATP stimulation induced ERK phosphorylation in a small number of extremely short dendritebearing pear-shaped OSNs that are located in the most superficial layer of the OE predominantly around the median raphe (Figure 2A) . In spite of the superficial localization, these pear-shaped OSNs were positive for ciliated OSN markers such as OMP promoter-driven GFP, but negative for microvillous OSN markers such as TRPC2 promoter-driven gap-Venus ( Figure S2 ) [17] . Although crypt and Kappe OSNs are also located in the most superficial layer, both of them are negative for OMP promoterdriven GFP [10, 13] . Thus, the morphological character and molecular expression of ATP-activated OSNs are unique and different from those of the four OSN types previously described. plural glomeruli (lGx) in the lateral OB that are distinct from lG2 ( Figure 2B ). These results are consistent with the earlier discovery in imaging studies using voltage-and Ca 2+ -sensitive dyes by
Friedrich and Korsching [7, 19] . When dose-response profiles of glomerular activation were compared among ATP, adenosine, and alanine by Ca 2+ imaging, we found that the lG2 activation by ATP and adenosine was much more sensitive than the lGx activation by alanine by two orders of magnitude ( Figures 2C  and S3B ), corroborating the above-mentioned difference in effective concentrations for evoking attractive behavior ( Figures  1D and S1C) . Next, the odor information represented on the OB glomerular array is decoded by telencephalic and diencephalic neurons in higher olfactory centers to elicit behavioral and physiological responses. We investigated ATP-and alanine-induced neural activation in higher brain centers by c-Fos in situ hybridization. ATP and alanine applications resulted in significant increase in the number of c-Fos-positive neurons in multiple brain areas. Among them, one telencephalic region, the supracommissural nucleus of ventral telencephalon (Vs) , and two diencephalic regions, the posterior tuberal nucleus (PTN) and the dorsal zone of periventricular hypothalamus (Hd), were commonly activated by ATP and alanine ( Figure 3 ). In contrast, the posterior zone of dorsal telencephalon (Dp) and a small number of large-diameter neurons in the ventral-most part of the ventral zone of periventricular hypothalamus (Hv) tended to be activated by ATP, but not alanine ( Figure 3 ). These results indicate that ATP and alanine share several brain regions for activation, which may link those odorants to foraging behavior.
A Novel Adenosine Receptor A2c in ATP-Activated OSNs
The zebrafish genome harbors $140 OR-type, 6 V1R-type, $50 V2R-type, and $100 TAAR-type olfactory receptor genes [1] . To determine which olfactory receptor is expressed in the ATP-responding pear-shaped OSNs, we prepared 230 cRNA probes covering all the OR-, V1R-, V2R-, and TAAR-type olfactory receptors (including cross-hybridization) and performed double fluorescence in situ hybridization with a single or mixture of receptor probe(s) (one to seven receptors) and c-Fos probe (a neuronal activation marker) on OE sections of ATP-stimulated zebrafish. However, no overlapping signal was detected with c-Fos and these conventional olfactory receptors ( Figure 4A ; Table S1 ). We also examined all the 32 purinergic receptor genes including 9 P2Xs, 15 P2Ys, and 8 adenosine receptors that were annotated in the Ensembl zebrafish genome assembly Zv9, but revealed that none of them were expressed in OSNs (data not shown; Table S1 ). In the course of the database search for adenosine receptor orthologs in zebrafish genome, however, we noticed the presence of an unannotated, putative adenosine receptor with the highest homology to A2aa, A2ab, and A2b. We designated this novel gene as ''A2c'' and investigated its expression in the OE of ATP-stimulated zebrafish. Intriguingly, A2c mRNA was expressed in a small population of OSNs in the most superficial layer around the median raphe of the OE, and most of the A2c signals markedly overlapped with the c-Fos signals (93.7% ± 4.1%, n = 4) ( Figure 4B ). In addition, the A2c-expressing OSNs were positive for olfactory-specific signaling molecules, Golf and adenylyl cyclase III (ACIII) ( Figure 4C) . Furthermore, at 170 bp upstream of the zebrafish A2c gene, we found a putative Olf1/EBF-binding motif, which is commonly present in OSN-specific genes (data not shown) [20] . These results suggest that A2c is a strong candidate for the olfactory receptor recognizing adenine nucleotides and adenosine in the pear-shaped OSNs.
We performed an extensive in silico database search for A2c orthologs in other animal species, based on amino acid sequence homology and syntenic conservation. Interestingly, A2c orthologous genes were found in all the fish species, both freshwater and seawater fishes, and amphibians whose genome sequences are available ( Figure 5A ; Table S2 ). On the chromosomes of these aquatic vertebrates, the A2c gene was located in the fourth intron of poly(ADP-ribose) polymerase-1 (parp1) gene on the complementary strand ( Figure S4 ). However, A2c gene was completely lost in terrestrial vertebrates (reptiles, birds, and mammals), as well as marine mammals such as whales and dolphins. In contrast, other adenosine receptor genes (A1, A2a, A2b, and A3) were commonly present in all vertebrates from fishes to mammals ( Figure 5B ; Table S3 ). These findings suggest a highly conserved and specific function of this unique receptor A2c in aquatic lower vertebrates.
Active Conversion of ATP to Adenosine by Ecto-nucleotidases in the OE Next we heterologously expressed zebrafish A2c receptor in Chinese hamster ovary (CHO)-K1 cells and investigated its ligand specificity by applying various compounds and measuring intracellular cAMP production. Contrary to our expectation, the A2c receptor was activated only by adenosine, but not at all by ATP and related nucleotides ( Figure 6A ). The median effective concentration (EC 50 ) of adenosine was 31.5 mM (Figure 6A) . Thus, the A2c receptor displays an extremely narrow tuning specificity only to adenosine, suggesting that an additional piece of molecular machinery is required in fish OE, with which ATP can activate the A2c-expressing OSNs.
We hypothesized that, upon entering into the fish nostril, ATP and related nucleotides are actively and rapidly converted into adenosine through enzymatic reactions. Hence we searched for extracellular ATP-dephosphorylating enzymes that are expressed in the zebrafish OE by in situ hybridization. Among 29 ecto-nucleotidase genes in zebrafish, two enzymes, ecto-5 0 -nucleotidase (CD73; nt5e) and tissue-non-specific alkaline phosphatase (TNAP; alpl), were expressed in distinct, small populations of cells in the OE ( Figure 6B ). Interestingly, CD73 was co-expressed with A2c in the pear-shaped OSNs ( Figure 6B ), whereas TNAP was present in non-neuronal cells predominantly located in the anterior OE close to the inlet naris ( Figure S5 ). Both TNAP and CD73 are glycosylphosphatidylinositol (GPI)-anchoring membrane proteins with a catalytic domain in the extracellular region [21] . TNAP catalyzes successive dephosphorylation steps from ATP to ADP, from ADP to AMP, and finally from AMP to adenosine, whereas CD73 specifically converts AMP to adenosine [21] . Expression of TNAP and CD73 in CHO-K1 cells together with A2c resulted in remarkable increase of cAMP production upon application of ATP, ADP, and AMP as well as adenosine ( Figure 6C ). Furthermore, Ca 2+ imaging analysis revealed that the lG2 activation by ATP and AMP was drastically suppressed by the addition of TNAP inhibitor, 2,5-dimethoxy-N-(quinolin-3-yl)benzenesulfonamide (MLS0038949), and/or CD73 inhibitor, adenosine 5 0 -(a,b-methylene)diphosphate (AMPCP), whereas the lG2 activation by adenosine was not affected by those inhibitors ( Figure 7A ). These inhibitors did not alter the glomerular activation patterns and magnitudes by other odorants such as amino acids and bile acids (Figure S6A ), indicating that they specifically inhibit the reaction of ecto-nucleotidases on adenine nucleotides. MRS1706, MRS1754, PSB36, PSB0788, and ZM241385) that have been reported to antagonize mammalian adenosine receptors, in cAMP production assay in the A2c-expressing CHO-K1 cells. Among the compounds tested, XAC effectively antagonized the adenosine-induced A2c activation ( Figure 7B ). XAC was also effective in antagonizing zebrafish A2aa and A2ab receptors, but not A2b receptor or OR114-1, an olfactory receptor for a female sex pheromone prostaglandin F 2a [16] ( Figures 7B and S6B) . When XAC was applied to the zebrafish nose, the ATP-, AMP-, and adenosine-induced Ca 2+ increase in lG2 was blocked in a concentration-dependent manner, while activations of lGx by alanine and dlG5 by cadaverine (polyamine) [11] were unaffected ( Figures 7C and S6C ). This result validates a crucial role of A2c in the lG2 activation by ATP, AMP, and adenosine. Taken together, these findings demonstrate that ATP is efficiently converted into adenosine by two ecto-nucleotidases to activate the A2c-expressing OSNs in the OE: (1) TNAP in non-sensory cells located close to the inlet naris would serve for rapid dephosphorylation of incoming ATP, and (2) CD73 and A2c co-expressed in the pear-shaped OSNs would serve for efficient detection of adenosine immediately after the conversion from AMP in a local environment.
DISCUSSION
In the present study, we found that a novel member of the adenosine receptor family, A2c, is an olfactory receptor expressed in the zebrafish OE. Furthermore, we revealed a pre-receptor event within the fish nostril, in which adenine nucleotides are actively converted into adenosine through enzymatic reactions. This sophisticated enzyme-receptor machinery should be beneficial for detecting ATP and its metabolites released from living organisms through a single olfactory receptor, thereby integrating the information into a specific glomerulus lG2.
To our knowledge, this is the first report demonstrating that the adenosine receptor plays a crucial role as an olfactory receptor. Based on the amino acid sequence homology and syntenic conservation ( Figure S4 ), we identified A2c gene orthologs in all the fish species (both freshwater and seawater fishes) and amphibian species whose genome sequences are available (Figure 5A ; Table S2 ). This finding suggests that the A2c receptor is commonly used in aquatic lower vertebrates for detection of food source. In addition, the presence of A2c genes in sea lamprey and spotted gar indicates that the appearance of the first A2c gene occurred extremely early during the evolution of the vertebrate olfactory system. In contrast, the A2c gene is not present in reptiles, birds, or mammals, suggesting the loss of the A2c gene with the aquatic-to-terrestrial transition of vertebrate organisms during evolution.
A2c and CD73 are expressed in a small population of OSNs with pear-shaped morphology. In spite of the expression of molecular markers of ciliated OSNs such as Golf, ACIII, and OMP [1, 17] , these OSNs have an extremely short dendrite and are located in the superficial layer of OE. In addition to the ciliated and microvillous OSNs, zebrafish possess two minor types of OSNs, crypt cells and Kappe cells, both of which are located in the superficial layer [13, 22] . However, the crypt and Kappe cells innervate two distinct mediodorsal glomeruli in the OB, mdG2 and mdG5, respectively [13, 23] , which are different from lG2 innervated by the A2c-expressing OSNs. In addition, V1R4 is expressed in the crypt cells [24] , but not in the A2c-positive pear-shaped OSNs ( Figure 4A ). Based on these results, we propose designation of this fifth type of unique OSNs as the ''pear OSNs.'' The A2c receptor recognizes only adenosine, but not ATP, related nucleotides or other nucleosides, whereas the lG2 glomerulus is activated by adenosine, AMP, ADP, and ATP. Our results indicate that ATP is enzymatically dephosphorylated and converted to adenosine by two GPI-anchoring ecto-nucletotidases, TNAP and CD73. TNAP in non-neuronal cells located close to the inlet of nose pit catalyzes the serial conversion of ATP to ADP, AMP, and adenosine, while CD73 co-expressed in A2c-positive pear OSNs dephosphorylates AMP to adenosine. How does ATP in the water environment efficiently reach the nose pit, enter into the nostril, and undergo subsequent enzymatic conversion to adenosine for activation of the A2c receptor? Recently, an interesting paper was published on the motile cilia-mediated directional flow in the zebrafish nose, which A B Figure 5 . The A2c Gene Is Present Only in Fishes and Amphibians (A) A2c genes are present in all the fish and amphibian species whose genome sequences are available. See also Table S2 for the gene data.
(B) Neighbor-joining phylogenetic tree for adenosine receptors (A1, A2a, A2b, A2c, and A3) in fish (blue: zebrafish, spotted gar, medaka, fugu), amphibian (green: western clawed frog), reptile (brown: green anole), bird (orange: chicken), and mammals (red: mouse, human). Note that A2c genes are present only in fish and amphibian species. Bootstrap values were obtained from 500 replications. See Table S3 for the GenBank accession numbers and Ensembl gene numbers of individual genes. See also Figure S4 .
allows quick exchange of the content of the nasal mucus to facilitate the detection of odorants in stagnant environment [25] . We speculate that such a ciliary beating-based mechanism may be important for generating directional flow of ATP and its metabolites in the nose as well as effectively displacing mucus for highly sensitive responsiveness of the A2c receptor in vivo. The zebrafish OB contains nine glomerular clusters that are spatially segregated and invariant across individuals. The lateral cluster consists of dorsally located five identifiable glomeruli (lG1-lG5), ventrally located one identifiable glomerulus (lG6), and smaller, indistinguishable, multiple glomeruli (lGx) [1, 18] . The present study revealed that adenosine and related nucleotides activate a single large glomerulus lG2 that is innervated by the pear OSNs. In contrast, amino acids activate multiple lGx in a combinatorial manner, which are innervated by microvillous OSNs [7, 10] . Despite the fact that adenosine and amino acids bind different types of olfactory receptors (A2c and V2Rs) [26, 27] OB. Thus, it is likely that these lateral glomeruli, lG2 and lGx, might be responsible for relaying the information of foodassociated olfactory cues synergistically. We hypothesize that topographically organized glomerular domains in the OB may play roles as functional units collecting ethologically relevant odorant or pheromone information and sending it to higher olfactory centers to evoke specific output responses.
Beyond the OB, three brain regions (Vs, PTN, and Hd) are commonly activated by ATP and alanine. In contrast, Dp and a small population of neurons in the ventral-most Hv tend to be activated by ATP, but not alanine, suggesting a possibility of ATP-specific behavioral or physiological responses that we could not observe in the present study. The Dp and Vs are equivalent to the mammalian piriform cortex [28] and central amygdala [29] [30] [31] , which receive direct inputs from the OB in fish [32] [33] [34] and whose functions may be related to olfactory perception and emotion, respectively [28, 29, 31] . In addition, it has been recently reported that the central amygdala in mice mediates predatory hunting [35] . Thus, it is likely that the fish Vs may play a similar role in food searching upon activation by the olfactory stimuli. The PTN is a diencephalic nucleus that also receives massive inputs directly from the OB in zebrafish [34] . It is controversial which brain region in mammals corresponds to the fish PTN [36, 37] . In sea lamprey, however, the PTN functions as a relay station transforming olfactory inputs into motor outputs [38] . Although mammalian homologs of the fish Hd and Hv cannot be precisely assigned at present, it is evident that the hypothalamic nuclei play a central role in feeding behavior [39] [40] [41] [42] . Because the ventral Hv in zebrafish contains several types of neurons expressing feeding-related neuropeptides such as agoutirelated peptide (AgRP) and proopiomelanocortin (POMC) [40] , we speculate that the ventral Hv activated by ATP might correspond to the arcuate nucleus, a feeding center, in mammals. Taken together, the activation of these brain regions by foodderived odorants leads to olfactory perception, emotion, motivation, and locomotion, all of which collectively and synergistically orchestrate the feeding behavior.
The enzyme-mediated ATP-sensing mechanism in zebrafish can be compared with previous studies in other animal species reporting that enzymatic conversion of chemicals in the peripheral olfactory organ results in either ''activation'' or ''inactivation'' of odorants and pheromones. In male silkmoth, the antennaspecific esterase is essential for rapid degradation and inactivation of pheromones during flight navigation through a pheromone plume [42, 43] . Similarly, in spiny lobsters, ATP and related nucleotides, but not adenosine, activate a subpopulation of OSNs, and those nucleotides are locally and rapidly inactivated by ecto-nucleotidase in the olfactory sensilla, which may facilitate the recovery and maintenance of sensitivity of OSNs [44] .
In contrast, carbon dioxide, an aversive odorant, is converted into bicarbonate ion by carbonic anhydrase II in a specific subpopulation of mouse OSNs, which in turn activates a peculiar olfactory receptor, guanylyl cyclase-D [45, 46] . Although the conversion of carbon dioxide takes place within the cytoplasm of OSNs, this enzyme-receptor machinery shares a common feature with the ATP-sensing mechanism in zebrafish. Thus, the active enzymatic conversion of odorants could be an evolutionarily conserved strategy for detecting particular odor cues that elicit innate behaviors crucial for their survival.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Zebrafish (Danio rerio) were maintained at 28.5 C on a 14-hr light/10-hr dark cycle. Adult wild-type zebrafish (RIKEN-Wako), OMP:GFP [47] and TRPC2:gap-Venus [17] transgenic zebrafish, OMP:Gal4FF;UAS:G-CaMP7 double transgenic zebrafish [16] , and OMP:Gal4FF;SAGFF27A;UAS:G-CaMP7 triple transgenic zebrafish [10] were used in this study. All experimental procedures were approved by the Animal Care and Use Committee of RIKEN.
METHOD DETAILS
Nucleotide Measurement with HPLC Brine shrimp (Artemia) eggs (6 g) were raised according to a conventional method [49] . Hatched brine shrimp were rinsed and collected into 200 ml fresh water. Supernatant of the brine shrimp-containing water was vacuum-concentrated into 1/10 volume and stored at -30 C until use. Nucleotides and related compounds were analyzed on a reverse-phase HPLC system (Waters, 2690) with COSMOSIL PBr column (4.6 3 150 mm) (Nacalai Tesque) and a UV absorbance detector (260 nm). The mobile phases were as follows: 0-7 min, 30% methanol in 20 mM phosphate buffer (pH7.0); 7-10 min, linear increase of methanol from 30% to 100%; 10-20 min, 100% methanol. The flow rate and column temperature were set at 1 ml/min and 30 C, respectively. Among the adenine-derived compounds (adenine, adenosine, AMP, ADP and ATP), ATP was most abundantly present in the supernatant of brine shrimp-containing water (13.3 ± 3.7 mM ATP, n = 4).
Exposure of Zebrafish to Odorants
Single 5-to 15-month-old male zebrafish were kept in a tank with 600 ml reverse osmosis water supplemented with 0.03% synthetic sea salts (TetraMarin Salt Pro, Tetra). Fish were acclimated in the tank for at least 1 hr, which greatly reduced the background signals of ERK phosphorylation and c-Fos expression in the OE and the brain. After the acclimation, 600 ml of compounds (ATP, ADP, AMP, adenosine, adenine, guanosine, cytidine, uridine, thymidine, ribose, alanine) at various concentrations (10 À7 M to 10 À4 M) were applied, and the fish were exposed to those odorants for 10 min (for pERK immunohistochemistry) or 30 min (for c-Fos in situ hybiridization).
Immunohistochemistry
For immunohistochemistry of OE sections, OE were dissected out, fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) containing 15% of saturated picric acid aqueous solution (sPA) at 4 C overnight, cryo-protected in 30% sucrose in PB and embedded in O.C.T. compound (Sakura, 4583). The OE sections (10 mm thickness) were treated with HistoVT One (Nacalai Tesque, 06380-05), blocked with 5%-10% normal goat serum (NGS) in phosphate-buffered saline (PBS) containing 0.01% Triton X-100, and incubated with rabbit anti-pERK1/2 monoclonal antibody (1:500, Cell Signaling Technology, 4370) and rat anti-GFP monoclonal antibody (1:1000, Nacalai Tesque, 04404) overnight. The sections were then washed with PBS/0.01% Triton X-100, incubated with Cy3-conjugated donkey anti-rabbit IgG antibody (1:300, Jackson ImmunoResearch, 711-165-152) and Alexa488-conjugated donkey anti-rat IgG antibody (1:300, Molecular Probes, A11006) for 2-4 hr. The sections were washed, coverslipped with 50% glycerol in PBS, and observed with an upright confocal laser-scanning microscope (FV1000, Olympus).
For whole-mount OB immunohistochemistry, brains were dissected out, fixed in 4% PFA/15% sPA/PB at 4 C for 3 hr, and treated with PhosSTOP (Roche, 04906837011) at 4 C for 1 day. The brains were then treated with HistoVT One and dehydrated with dilution series of methanol at 4 C. After blocking with Avidin/Biotin Blocking kit (Vector, SP2001) and 5%-10% NGS in PBS/0.1% Triton X-100, the brains were incubated with a mixture of the following primary antibodies at 4 C for 3-7 days: rabbit anti-pERK1/2 monoclonal antibody (1:500) and mouse anti-SV2 monoclonal antibody (1:3,000, deposited to the Developmental Studies Hybridoma Bank by K. M. Buckley, SV2). Then the brains were washed and incubated a mixture of secondary antibodies as follows at 4 C for 2-5 days: biotin-SP-conjugated goat anti-rabbit IgG antibody (1:500, Jackson ImmunoResearch, 111-065-144) and CF633-conjugated goat anti-mouse IgG antibody (1:300, Biotium, 20250). Then the brains were washed, incubated with Cy3-conjugated streptavidin (1:300, Jackson ImmunoResearch, 016-160-084), washed again, mounted in 1.5% low-melting-point agarose, and viewed with an inverted confocal microscope (FV500, Olympus).
In Situ Hybridization
Coding sequences (ranging from 0.5 to 1.5 kb) of 6 V1Rs [50] , 1 V2R (V2RL1) [27] , 85 TAARs [51] , 9 P2Xs [12] , 15 P2Ys (see below for the accession numbers), 9 adenosine receptors [52] (see Table S3 for the accession numbers), 29 ecto-nucleotidases [53, 54] (see below for the accession numbers), Golf (Gnal), and ACIII (Adcy3b) were amplified by PCR using FastStart High Fidelity System (Roche 03553400001) with zebrafish gemomic DNA, OE cDNA, or brain cDNA as templates, and cloned into pGEM-T Easy vector (Promega A1360). cRNA probes for 138 ORs and c-Fos (Fosab) were described previously [16, 55] Antisense cRNA probes were synthesized
